To understand the role of vitamin D and its metabolites during pregnancy and lactation, one must first review the physiology of vitamin D -how it is made in the body through sunlight exposure, how and when it can be obtained by diet, and in what manner both forms -endogenous and dietary -are processed by the body. Following a brief overview of vitamin D physiology, we will review the currently known effects of vitamin D deficiency on pregnancy outcomes and the later sequelae on both the mother and infant if deficiency continues during lactation. Lastly, we will review the evidence from randomized controlled trials of improving pregnancy and lactation outcomes with vitamin D supplementation.
To understand the role of vitamin D and its metabolites during pregnancy and lactation, one must first review the physiology of vitamin D -how it is made in the body through sunlight exposure, how and when it can be obtained by diet, and in what manner both forms -endogenous and dietary -are processed by the body. Following a brief overview of vitamin D physiology, we will review the currently known effects of vitamin D deficiency on pregnancy outcomes and the later sequelae on both the mother and infant if deficiency continues during lactation. Lastly, we will review the evidence from randomized controlled trials of improving pregnancy and lactation outcomes with vitamin D supplementation.
Overview of general vitamin D physiology & metabolism
There are two forms of vitamin D: D 2 and D 3 . Vitamin D 2 , or ergocalciferol, is made by plants and vitamin D 3 , or cholecalciferol, is made by animals, including humans. Both forms require UV light, specifically UVB in the spectrum of 280-320 nm to catalyze the reaction. (For the remainder of this review, vitamin D will be referred to as vitamin D 3 unless otherwise mentioned).
As shown in Figure 1 , the first step in the formation of vitamin D is the conversion of epidermal 7-dehydrocholesterol to previtamin D following UVB exposure. Like other steroid hormones in the body whose main substrate is cholesterol, vitamin D requires a derivative of cholesterol, its 7-dehydrocholesterol precursor, but also sunlight at a specific wavelength and spectrum. This is a key point because without sunlight exposure we Pregnancy represents a time of rapid change -changes in physical proportions, physiology and responsibility. During this time in a woman's lifecycle, she is responsible not only for her own well-being and health but also for that of her developing fetus. While the 'right diet' and the 'right lifestyle' cannot ensure a healthy baby at birth 100% of the time, the 'wrong diet' and the 'wrong lifestyle' such as diets lacking folate [1] or iron [2] , and lifestyles involving alcohol and cigarettes are associated with higher rates of congenital anomalies, adverse pregnancy outcomes, and direct sequelae in the offspring exposed to such 'wrong' conditions. Some aspects are more obvious to us because we see the direct effect or manifestation of the lack of a nutrient or the excess of an environmental toxin such as cigarette smoke (with impaired fetal growth), or the stigmata of fetal alcohol exposure (manifesting as fetal alcohol syndrome). Yet, in other cases, the effect of nutrient deprivation may be more subtle and take years to unfold (e.g., vitamin B12 deficiency). In addition, what was understood about a particular nutrient and its effect on maternal health during pregnancy and lactation has probably changed in the last decade with advances in molecular and cellular techniques that have helped to more fully define the effects of nutrient deprivation on gene expression and associated cell function. Such is the case with vitamin D, which has emerged from its obscure place in science as a forgotten vitamin that was only associated with bone and calcium metabolism to become one of the most celebrated and controversial vitamins/micronutrients in both medical and lay literature today [3] .
The role of vitamin D in pregnancy and lactation: emerging concepts
Carol L Wagner* 1 , Sarah N Taylor 1 , Donna D Johnson 2 & Bruce W Hollis 1 Pregnancy is a critical time in the lifecycle of a woman where she is responsible not only for her own well-being, but also that of her developing fetus, a process that continues during lactation. Until recently, the impact of vitamin D status during this period had not been fully appreciated. Data regarding the importance of vitamin D in health have emerged to challenge traditional dogma, and suggest that vitamin D -through its effect on immune function and surveillance -plays a role beyond calcium and bone metabolism on the health status of both the mother and her fetus. Following birth, this process persists; the lactating mother continues to be the main source of vitamin D for her infant. Thus, during both pregnancy and lactation, maternal deficiency predicts fetal and infant deficiency; the significance of this is just beginning to be understood and will be highlighted in this review.
are dependent solely on dietary sources of vitamin D, which, except in rare cases, only account for up to 10% of the vitamin D in the body. This is supported by the findings of a recent vitamin D supplementation study involving over 494 women of diverse racial and ethnic backgrounds in South Carolina, USA who had completed the Block Food Frequency questionnaire, where the average daily diet provided only 200 IU/day vitamin D [4] . By comparison, following 10-15 min whole-body exposure of direct sunlight, the body generates 10,000-15,000 IU vitamin D within 24 h [5] . It is not surprising, then, that those living at or near the equator with 5-9 h of sunlight exposure have a mean total circulating 25-hydroxy vitamin D (25[OH]D) level almost twice that of most individuals living in the USA [6] .
Once formed, previtamin D undergoes a thermal reaction and is converted into vitamin D. It is then carried into the circulation mainly by the vitamin D-binding protein (VDBP), an a-globulin with a molecular weight of 58 kD, which has an avid affinity for vitamin D moieties. Most vitamin D is converted in the liver to 25(OH)D through the action of 25-hydroxylase. In order for this reaction to occur, a woman must have a healthy liver. Following its synthesis from either vitamin D 2 or D 3 , 25(OH)D then enters the circulation where it is tightly bound to VDBP; a small fraction binds to albumin and other proteins. Only a small amount is unbound or free, but it is the unbound form that is taken up in the kidney and other extrarenal tissues for further processing within the cell [7] .
The classic story of vitamin D is that circulating 25(OH)D is taken up by the kidney and converted to dihydroxyvitamin D (1,25[OH] 2 D or calcitriol), the active hormonal form of vitamin D, by the action of the enzyme 1-a-hydroxylase (also known as CYP27B1), a cytochrome P450 enzyme. 1,25(OH) 2 D's endocrine effects include the following:
• Increased calcium and phosphorus absorption from the intestine Reproduced with permission from [155] .
scavenge calcium at the expense of phosphorus to maintain calcium balance throughout the body because vital organs such as the heart, muscle and brain cannot function without adequate calcium. This process of calcium conservation can be maintained only when there is adequate vitamin D, which is necessary to provide enough substrate to form 25(OH)D, which in turn, is converted to 1,25(OH) 2 D. It is beyond the scope of this review to provide more detail on the skeletal effects of vitamin D. For a more complete discussion on vitamin D-calcium-bone metabolism during pregnancy and lactation, please refer to a classic review by Kovacs [8] .
Defining vitamin D sufficiency
In order to discern the role that vitamin D plays in the health status of the pregnant woman and fetus and the lactating woman and her infant, one must have a common definition, and that includes the 'definition' of vitamin D sufficiency. -that levels below 50 nmol/l (or 20 ng/ml) represent deficiency; whether that label extends to 70 or even 80 nmol/l in the nonpregnant state is less clear. With regard to pregnancy, however, based on our recent randomized controlled trial with pregnant women, it is clear that optimization of 1,25(OH) 2 D does not occur until total circulating 25(OH)D levels have reached 40 ng/ml (100 nmol/l) ( Figure 2 ) [4, 10] . Does the definition of vitamin D sufficiency during pregnancy change to encompass this relationship between 25(OH)D and 1,25(OH) 2 D?
Differences in vitamin D metabolism during pregnancy when compared with the nonpregnant state
As discussed above in the previous section, a striking difference exists in vitamin D metabolism during pregnancy and fetal development compared with nonpregnant and nonfetal states, a point that has been known for at least the past three decades but which has received little attention until recently [11] [12] [13] [14] [15] . The conversion of vitamin D to 25(OH)D appears unchanged during pregnancy, following first-and zero-order enzyme kinetics [4, 16] ; by contrast, the conversion of 25(OH)D to 1,25(OH) 2 D during pregnancy is unique and unparalleled during life. At no other time during life is 25(OH)D so closely linked with 1,25(OH) 2 D. By 12 weeks of gestation, 1,25(OH) 2 D levels are more than twice that of a nonpregnant adult and continue to rise two-to threefold from the nonpregnant baseline rising to over 700 pmol/l, attaining levels that would be toxic due to hypercalcemia to the nonpregnant individual, but which are essential during pregnancy [4, 13, 17] .
It was first thought that this increase in circulating 1,25(OH) 2 D levels during pregnancy was due to an increase in the serum VDBP and while the total circulating levels would increase, the fracture of unbound or 'free' 1,25(OH) 2 D would remain the same [18] . This premise was challenged by Bikle et al., who demonstrated that free 1,25(OH) 2 D levels are increased during pregnancy despite the significant increase in VDBP levels [11] . Our recent randomized, controlled trial supports this premise [4] . In addition, data from our study demonstrate that a circulating 25(OH) D level of approximately 40 ng/ml is required to optimize the production of 1,25(OH) 2 D during human pregnancy through renal and/or placental production of the hormone (Figure 2 ) [4] . It is interesting to note that women with nonfunctional renal 1-a-hydroxylase and normal placental function fail to increase circulating 1,25(OH) 2 D 3 during pregnancy [19] , which supports enhanced renal production of calcitriol during pregnancy. Reproduced with permission from [4] .
Some have thought that this rise is to ensure adequate delivery of calcium to the developing fetus, yet calcium homeostasis is not linked with 1,25(OH) 2 D concentration; they appear to be unlinked as 1,25(OH) 2 D rises above supraphysiologic nonpregnant levels. Contributing to this rise in 1,25(OH) 2 D may be calcitonin, also known to rise during pregnancy [20] : calcitonin stimulates renal 1-a-hydroxylase gene expression independent of calcium levels [21, 22] , and also protects by opposing hypercalcemia [22] . Prolactin has also been considered as a stimulator of the 1-a-hydroxylase; however, the increased concentration of 1,25(OH) 2 D sustained during pregnancy is not sustained during lactation [23] . This correlation between total circulating 25(OH)D and 1,25(OH) 2 D is, however, found in neonates, paralleling the association in the mother and reflective of the fetal state [4, 15, 17] . Thus, in both the mother and fetus, the rise in 1,25(OH) 2 D is dependent on substrate availability, in this case, 25(OH)D, and is independent of calcium homeostasis [4] .
Why is calcium metabolism uncoupled from 1,25(OH) 2 D during this time? One of the leading theories is that 1,25(OH) 2 D is important for maternal tolerance to the foreign fetus whose DNA is only half that of the mother's, and in certain cases such as conception involving a donor egg, completely foreign. It is interesting that epidemiological studies involving pregnant women with preeclampsia -a clinical picture of inflammation and vasculitis -vitamin D deficiency has been implicated [24] [25] [26] . More work is warranted in this area to understand the possible role of vitamin D deficiency in preeclampsia.
Does fetal & neonatal vitamin D status play a role in later immune function?
The evolving emphasis on developmental origins of adult disease has led McGrath and others to investigate whether there are lasting effects following fetal and early infancy vitamin D deficiency, with the goal of understanding lasting effects of the early condition on later adult disease processes [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . Because vitamin D status has not been a consistent concern during pregnancy, long-term data are sparse. The few studies that have been conducted have focused more on the neonatal effects of vitamin D during pregnancy, rather than the long latency and later potential health effects. With severe maternal vitamin D deficiency, the fetus may rarely develop neonatal seizures due to hypocalcemia or rickets in utero that is manifested at birth [43, 44] .
Supplementation with the current standard amount of vitamin D in prenatal vitamins -400 IU vitamin D/day -during pregnancy has a minimal effect on circulating 25(OH)D concentrations in the mother and her infant at term [4, 45] . Infants of women who were deficient throughout pregnancy will maintain or reach a state of deficiency more quickly than an infant whose mother was replete during pregnancy [46] .
It is evident that vitamin D metabolism during pregnancy is unique in human physiology, but why would such a change occur? To begin to answer this question, a look at vitamin D's role beyond calcium metabolism is essential.
Emerging understanding of the immunological effects of vitamin D
While the endocrine effects of vitamin D are best understood as important for maintaining the health status of all of us, including the pregnant or lactating woman, the story does not end with that paradigm. At the turn of the 20th century, Mellanby in his study of rachitic children and dogs, noted an increased risk of respiratory infections in those afflicted [47, 48] . Later, Weick [49] in 1967 and Rehman [50] in 1994 independently observed that children with rickets appear ill, with decreased energy and activity, and were more susceptible to respiratory illnesses. It would take the advances in molecular and cellular biology before the mechanisms of that association were better understood.
One of the mechanisms through which vitamin D acts is via an endogenous antimicrobial peptide cathelicidin (LL-37), generated by the innate immune system in response to microbial invasion. Rook and colleagues first noted that 1,25(OH) 2 D had noncalciotropic or noncalcium metabolism properties [51, 52] . Both 1,25(OH) 2 D and 25(OH)D have the ability to induce the expression of cathelicidin in monocyte/macrophage and epidermal lineage in cells [53] . It was known that cathelicidin is activated through surface Toll-like receptor (TLR) 2 activation on monocytes and macrophages and that the vitamin D receptor element is contained in the regulatory region of these cell types [54] [55] [56] .
Expansion of our understanding of vitamin D's role in immune function came in 2006; in their landmark study, Liu et al. demonstrated how vitamin D is intricately involved in the innate immune system [54] . Serum samples taken from African-American subjects with low 25(OH)D were inefficient in supporting cathelicidin mRNA induction; however, this stalemate could be reversed through the addition of 25(OH)D to those samples with low 25(OH)D levels. Thus, in this series of experiments, the addition of 25(OH)D 3 restored the ability of sera from African-American individuals to support TLR2/1L-mediated induction of cathelicidin mRNA. A related study by Fabri et al. showed that vitamin D is required for IFN-g-mediated antimicrobial activity of human macrophages, and is especially important in HIV and tuberculosis patients [57] . Both study findings have implications for the pregnant woman and her developing fetus and extends to the lactating woman and her breastfeeding infant.
The effects of vitamin D on the immune system are not limited to the innate immune system but also extend to the adaptive immune system. 1,25(OH) 2 D not only has the ability to act intracellularly in macrophages and monocytes, but also in T and B lymphocytes. The vitamin D receptor is found on activated (but not resting) human T cells [58] and B cells [59, 60] . Whereas 1,25(OH) 2 D appears to activate the bactericidal process within macrophages and monocytes, it has the reverse effect in lymphocytes; in these cells it appears to act in an anti-inflammatory manner, with an overall dampening effect on lymphocyte function [61, 62] . Evidence suggests that 1,25(OH) 2 D suppresses certain B-cell functions such as proliferation and immuno globulin production and retards the differentiation of B-lymphocyte precursors to mature plasma cells. In addition, 1,25(OH) 2 D appears to also act through the vitamin D receptor of T cells by inhibiting the proliferation of uncommitted T helper cells and promoting the proliferation of immunosuppressive regulatory T cells, with accumulation of these cells at inflammatory 'hot spots' [53] . These in vitro findings explain the significant association between vitamin D deficiency and autoimmune diseases [63] , such as systemic lupus erythematosus [64] , multiple sclerosis [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] , rheumatoid arthritis [70, 75, 76] , diabetes -both Types 1 [70, [77] [78] [79] [80] [81] and 2 [82] [83] [84] -and certain cancers, such as colon [85] [86] [87] [88] , breast [89] [90] [91] [92] [93] [94] and prostate cancer .
Vitamin D status during pregnancy around the globe
In the 1980s, after the laboratory techniques for measuring circulating 25(OH)D had been perfected [99] , investigators began to measure the vitamin D status of pregnant women. The women of darker pigment, who had migrated from sunnier climates to the UK or France, for example, and who wore clothing that left little skin exposed were found to be the most deficient [100] [101] [102] [103] [104] [105] . The first report of widespread vitamin D deficiency in women of childbearing age in the USA came from a report from the CDC in their Third National Health and Nutrition Examination Survey, from 1988 to 1994, which revealed that 42% of African-American women had 25(OH)D levels below serum concentrations of 15 ng/ml or 37.5 nmol/l [106] . Applying the IOM's more recent definition of deficiency -25(OH)D level <20 ng/ml -to the dataset increases the prevalence to approximately 75% [9] .
More recent studies in the USA suggest that the degree of deficiency is greatest in the African-American population but substantial in Hispanic and Caucasian women who have limited access to sunlight, either through limited activity outdoors, type of clothing, cultural practices or thorough use of sunscreen when outdoors [107, 108] . In two studies involving over 1000 pregnant woman in South Carolina, USA, at latitude 32°N, 75% African-American, 33% Hispanic and 12% Caucasian women had evidence of deficiency [107, 108] , confirming the extent and severity of this health problem. In other areas of the world, deficiency is also commonplace, again reflecting a woman's lifestyle, degree of skin pigmentation, where she lives (i.e., the latitude and whether she is an urban dweller or lives in more rural areas) and the most important factor, whether she has sunlight exposure [109] . A long-standing unawareness of how vitamin D is made and of the short-and longterm health consequences of vitamin D insufficiency has led to widespread insufficiencies in most populations.
Vitamin D during pregnancy: why is it important?
From the prior section it is clear that vitamin D deficiency during pregnancy is widespread, yet what effect does deficiency have on the mother and her developing fetus, and, following delivery, on her breastfeeding infant? Some have suggested that such 'deficiency' is really how we were meant to live. If we look at individuals who live in sub-Saharan Africa or at the equator and who have sunlight exposure on a significant surface area of their bodies, we find that such individuals 'live' with a total circulating 25(OH)D of at least 40 ng/ml or 100 nmol/l. While such individuals have lower risk of diabetes, hypertension and autoimmune disease, other differences besides vitamin D status could well account for such differences such as the lack of highly processed foods and higher intakes of fiber instead of fat. It is unclear if individuals living in more developed countries had comparable vitamin D status to those living in a sun-rich environment, if such individuals would have improved health status on the basis of vitamin D's beneficial effect on health. Several large-scale studies are underway to assess this question in a prospective manner. Until then, we are left with retrospective analyses and case-control studies to assess the impact of vitamin D on health and its role in immune function in general and specific to the pregnancy and lactation states.
There are many epidemiological studies that report associations between vitamin D deficiency and altered health. Conversely, higher circulating 25(OH)D levels have been linked with improved glucose handling and b-cell function [110] , and a reduction in risk for a growing list of long latency diseases that include cardiovascular disease [96, [111] [112] [113] [114] [115] , multiple sclerosis [66, 71, 73] , rheumatoid arthritis [75] , systemic lupus erythematosus [64] , Type 1 and 2 diabetes [66, 71, 73, 75, 96, [111] [112] [113] [114] [115] and various cancers [85, 91, 94, [116] [117] [118] [119] [120] [121] . Critics of this perspective counter that while such findings are intriguing, they do not provide definitive evidence of causality or a mechanism of action that come from randomized controlled trials and may lead to what is referred to as 'circular epidemiology' [122] . However, there is mounting evidence from laboratory studies that vitamin D -as a pre-prohormone -is essential in maintaining the immune system, with profound implications [54, 123] . There are two related reviews on the topic that highlight the importance of optimization of circulating 25(OH)D levels to reduce the risk of long latency disease states [124, 125] .
It is quite plausible that in an ideal world, total circulating 25(OH)D should mirror what is attained by those who live and work in a sunrich environment because that is how we evolved thousands of years ago, with such systems still operational in modern-day humans. However, in many parts of the world, lifestyles have undergone dramatic changes in the last 50-60 years, which on an evolutionary scale is an insignificant time for humans, as a species, to have adapted to such a change, in this case, to have already adapted to substrate vitamin D deprivation. It makes sense then that our body stores of vitamin D should recapitulate that of individuals living in a sun-rich environment who have circulating 25(OH)D levels of 54-90 ng/ml [126] [127] [128] , not shared by those who are sunlight deprived or covered from sunlight [129] .
What are the effects of vitamin D deficiency during pregnancy? Maternal considerations
Studies conducted in the 1980s showed that profound vitamin D deficiency was associated with impaired fetal growth; however, those studies were conducted during a time when the immune effects of vitamin D were not appreciated and thus, it is unclear from those studies what the mechanism of action was for this impaired growth. More recent epidemiologic and casecontrol studies show a correlation between vitamin D deficiency and adverse pregnancy outcomes, not limited to fetal growth. For example, Bodnar et al. found an association between vitamin D deficiency and maternal preeclampsia [130] that has been supported by Robinson et al. in their two nested case-control studies [25, 131] ; and most recently, by Wei et al., who found a longitudinal effect of maternal vitamin D status during mid-gestation and later development of preeclampsia in those meeting the IOM definition of deficiency (25[OH]D level <50 nmol/l) [132] . Others have found an association between the mode of delivery (higher risk of Cesarean delivery with vitamin D deficiency) [133] and bacterial vaginosis [134] .
Fetal growth & neonatal anthropomorphic measures
Adequate nutritional vitamin D status during pregnancy is important for fetal skeletal development, tooth enamel formation and perhaps general fetal growth and development [102, 103] . Mannion et al., comparing growth parameters in newborn infants with the maternal intakes of milk and vitamin D during pregnancy, found an association between vitamin D intake during pregnancy and birth weight, such that with every additional 40 IU of maternal vitamin D intake, there was an associated 11-g increase in birth weight [135] . Pawley and Bishop, in their study of 108 pregnant women and their offspring, found a significant association between umbilical cord 25(OH)D concentrations and head circumference at 3 and 6 months' postnatal age that persisted after adjusting for confounding factors [136] . Maghbooli et al. found significantly wider posterior fontanelle diameter in neonates of mothers with vitamin D deficiency (as defined by a 25(OH)D level <34.9 nmol/l or ~14 ng/ml) compared with neonates whose mothers were not deficient [137] .
Effect on neonatal & infant immune function
Extending such findings beyond anthropomorphic growth parameters and bone to the realm of immune function, a recent prospective study of neonates showed an increased risk of respiratory syncytial virus (RSV) bronchiolitis in those neonates with deficiency [10] . Specifically, Belderbos et al., in their analysis of 156 neonates followed them prospectively for 1 year with the primary outcome measure being the rate of RSV during the first year as a function of vitamin D status at birth [10] . Total circulating 25(OH)D was significantly lower in those with RNA PCR-confirmed RSV bronchiolitis/lower respiratory tract infection: 65 versus 84 nmol/l in those who did not have an RSV infection (p = 0.009). In addition, there was a sixfold higher risk of RSV in those with cord blood 25(OH)D <50 nmol/l (20 ng/ml) versus those with a concentration >75 nmol/l (30 ng/ml). The findings from this study are further supported by the work of Walker et al., who measured 25(OH)D induction of TLR antimicrobial production and its effect on in vitro monocyte responses [17] . Cord blood samples deficient in vitamin D had less effect on adult monocyte cathelicidin gene expression compared with vitamin D replete cord blood (>75 nmol/l). When cord blood was repleted with 25(OH)D, cathelicidin gene expression in vitro increased significantly. These studies strongly support the role of vitamin D on immune function and surveillance during the perinatal period.
Sunlight versus supplementation: is there a right answer?
There is no doubt that sunlight exposure is superior to oral supplementation in terms of vitamin D safety data. No one has ever died of too much vitamin D generated from sunlight exposure, but people have become toxic from ingesting too much oral vitamin D. It takes, of course, daily consumption of thousands of IUs of vitamin D as an adult -above 10,000 IU/day -to become toxic from oral vitamin D [138] , yet there does not appear to be an upper limit of sunlight exposure and vitamin D synthesis from this route as sunlightderived vitamin D triggers down regulation of certain enzyme systems and upregulation of others in the body to dispose of any vitamin D and its metabolites not needed by the body. Judicious sunlight exposure is not a clear-cut entity, however, as to what amount of sunlight is sufficient to achieve optimal vitamin D status varies depending on the time of year, the time of day, where you live (i.e., latitude), degree of skin pigmentation, clothing and what surface area of skin is actually exposed. There is less of a 'one size fits all' prescription for prescribing sunlight exposure than, perhaps, a vitamin D supplement. In addition, there is the significant issue of the association of UV light's damaging effect on the epidermis and the underlying dermis leading to photoaging and certain skin cancers such as basal and squamous cell carcinomas [139, 140] . If the source of vitamin D cannot be judicious sunlight exposure, then the only alternative for the pregnant and lactating woman is vitamin D supplementation.
Effectiveness of vitamin D supplementation during pregnancy
A Cochrane review on vitamin D supplementation during pregnancy in 2000 concluded that there was not enough evidence to evaluate the requirements and effects of vitamin D supplementation during pregnancy [141] . An updated Cochrane review in 2012 came to a similar conclusion. Unfortunately, the report failed to include any randomized controlled trial study where 400 IU/day was given as the control; this reflected the premise that 0 IU/day vitamin D is the norm and that 400 IU/day supplementation is the treatment and should not be viewed as a control group [142] . Yet, in many parts of the world, including the USA, Canada, Japan, Australia, and many countries in Europe, it would be unethical to not give 400 IU/day as part of the prenatal vitamin preparation; therefore, those women receiving 400 IU vitamin D/day would be considered as the control group for these areas of the world.
As shown in Table 1 , the adequate intake for vitamin D during pregnancy of 400 IU/ day is grossly inadequate, especially with ethnic minorities. As predicted by vitamin D pharmaco kinetics, supplements of 1000 IU/day of vitamin D in pregnant women result in a 12.5-15.0 nmol/l increase in circulating 25(OH)D concentrations in both maternal and cord serum compared with nonsupplemented controls [101] [102] [103] . These findings were recently corroborated by our two randomized clinical trials involving vitamin D supplementation in pregnant women [4, 143] . The significance of these findings and others for those who care for the pediatric population is that when a woman who has vitamin D deficiency gives birth, her neonate will also be deficient. Not reported 1200 IU D 2 /day group showed significantly lower alkaline phosphatase levels and increased fetal birth wt. 600,000 IU D 2 /day proved more efficacious than placebo or 1200 IU D 2 /day in terms of significantly greater fetal birth wt. Dependence of fetal calcium on maternal levels: fetal calcium was significantly lower (p = 0.001) in mothers with calcium below 8.5 mg percent than those with higher levels (≥9.7) [105] 1200 IU D 2 /day, n = 25 3 600,000 IU D 2 ×1 at 6 and again at 7 months, n = 20
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Delvin et al. 
Results of two recent randomized trials during pregnancy
Two vitamin D supplementation studies involving a diverse group of pregnant women less than 16 weeks of gestation showed that 4000 IU vitamin D 3 /day was superior to 400 or 2000 IU/day by the second trimester in achieving circulating 25(OH)D of at least 40 ng/ml, the point at which 1,25(OH) 2 D begins to be optimized (Figure 2 ) [4, 143] .
If one's goal is to achieve the minimal 25(OH) D concentration of 20 ng/ml set forth by the IOM, then while 4000 IU/day was superior to 2000 IU/day in achieving this minimal goal, it was not statistically significant; both 2000 and 4000 IU/day will achieve this level in pregnant women. If one's goal, however, is to reach the point of 1,25(OH) 2 D optimization, then there is a clear advantage of taking 4000 IU/day. It is important to note that in these two studies that involved 510 women's participation until delivery, according to each study's Data Safety and Monitoring Committee, there were no adverse events related to vitamin D supplementation [4] . All women were followed closely for any adverse events that may be related to vitamin D supplementation. In each category of adverse events, there was a trend where the higher dose groups had fewer events than those women randomized into the control group. Taken together, looking at the most common and severe comorbidities of pregnancy (hypertensive disorders of pregnancy, gestational diabetes, infection and preterm labor/preterm birth), preliminary analyses showed statistically significant differences between the groups with higher risk in the control group (400 IU group) when compared with both the 2000 and 4000 IU groups (p = 0.03) and higher risk in the 2000 IU group when compared with the 4000 IU group [144] . Confirmatory findings came from the second trial where lower risk for comorbidities of pregnancy was seen with higher 25(OH)D [143] . The study was powered to discern safety risks and as such, comorbidities of pregnancy were an outcome safety measure. Additional trials around the world will be necessary to confirm these findings. There are at least ten vitamin D supplementation trials that will be completed within the next 2 years.
Summation of the pregnancy studies on vitamin D supplementation show that 400 IU/day is woefully inadequate at raising the level of 25(OH)D in women to attain optimal production of 1,25(OH) 2 D. Without adequate sunlight exposure, vitamin D supplementation becomes necessary. Up to 4000 IU/day is not only safe but most effective in achieving the minimal level of 25(OH)D for optimal 1,25(OH) 2 D production by the second trimester. Because women of darker pigmentation are at the greatest risk for vitamin D deficiency, care must be taken to provide adequate vitamin D to achieve sufficiency in these at-risk women. Not only important during pregnancy for fetal development, the vitamin D status of the mother is essential during lactation for the transfer of vitamin D to the breastfeeding infant. In the next section the vitamin D requirements of the breastfeeding dyad are reviewed.
The needs of the breastfeeding dyad
It is again worth mentioning that the fetus of the woman who is vitamin D deficient during pregnancy will be deficient during gestation as the mother is her fetus' sole source of vitamin D. Such deficiency states extend beyond pregnancy into lactation. If a breastfeeding woman is deficient, her breast milk will be deficient, and her recipient infant will also be deficient. It was thought for decades that breast milk was 'naturally' low in vitamin D because the women who were sampled in such studies had marginal levels of vitamin D. When a mother is replete in vitamin D, the transfer of vitamin D in her milk is sufficient to provide an adequate amount of substrate for her recipient breastfeeding infant. This was first documented by Cancela et al. in 1986 , who showed the relationship between the vitamin D content of maternal milk and the vitamin D status of nursing women and breastfed infants, which was later validated by two pilot studies performed by our group almost two decades later [145] . It is also important to emphasize here that it is vitamin D and not 25(OH)D that preferentially gets into breast milk, which has important implications for dosing. The halflife of vitamin D is 12-24 h compared with the half-life of 25(OH)D, which is 2-3 weeks. Since it is vitamin D that is transferred into the milk, the mother needs a daily source of vitamin D in order to provide her infant with enough substrate to avoid deficiency [146] .
In the first of three studies, fully lactating women starting at 1 month postpartum were randomized to receive either 1600 or 3600 IU vitamin D 2 plus 400 IU vitamin D 3 through their prenatal vitamin [146] . All were blinded to treatment. Vitamin D 2 was chosen for this study to serve as a tracer of vitamin D from the mother into her milk and then into her recipient infant because most individuals have little vitamin D 2 in their diet (which was shown to be the case in this study). The remarkable part of this study was that it supported the premise that if a mother becomes vitamin D replete then her milk vitamin D levels will increase such that her infant will have vitamin D-'enriched' milk. It was found that 4000 IU/day was not enough, however, to raise maternal serum levels to consistently yield at least 400 IU vitamin D/l breast milk. Approximately 20% of maternal vitamin D is transferred to the infant through maternal milk; so compared with the same pregnant woman, a lactating woman would need a higher vitamin D supplementation dosage to attain the same vitamin D status during lactation that she had achieved during pregnancy. Based on pharmacokinetic data and the rate of transfer to the infant through milk, it was hypothesized that a maternal vitamin D supplementation dose of approximately 6000 IU/day would be necessary to raise maternal serum vitamin D and, thus, milk vitamin D levels that would ultimately give the recipient breastfed infant at least 400 IU vitamin D/day.
In the second pilot study, women were randomized at 1 month postpartum to a prenatal vitamin containing 400 IU/tablet plus either placebo or 6000 IU vitamin D/day [147] . The infants of the mothers randomized to 400 IU/day received 300 IU vitamin D/day while the infants of the mothers randomized to 6000 IU/day received placebo. In the latter arm of the trial, mothers were essentially the sole source of vitamin D for their young infants who had minimal sunlight exposure. Again, all were blinded to treatment. The results showed that the milk antirachitic concentration (which is the vitamin D content of the breast milk) was significantly higher in the 6000 IU group of women compared with the 400 IU group without evidence of toxicity (Figure 3 ). In addition, the infants of mothers in the 6000 IU arm had circulating 25(OH)D levels comparable to those infants who themselves were receiving 300 IU vitamin D/day (Figure 4 ). It was a small sample size but the results were significant and served as a proof of concept for a larger trial involving two study sites -Charleston, SC, USA and Rochester, NY, USA -to begin. The study began in 2006 with completion scheduled for 2012. While investigators and subjects remain blinded, it is important to note that there have been no cases of vitamin D toxicity during the trial.
The results of this trial will be helpful to women who are requesting best practice recommendations for achieving optimal vitamin D status for the mother and infant during lactation. Until then, the recommendations set forth by the American Academy of Pediatrics [148] and the IOM [9] are for the mother to take a prenatal vitamin and for her recipient infant to be given 400 IU vitamin D/day unless her infant receives at least a liter of infant formula/day. Such a recommendation -while it addresses the daily vitamin D needs of the infant -does not address the needs of the mother in the context of her own specific needs or what daily intake is necessary to achieve adequate milk transfer to her recipient infant.
The health effects of vitamin D deficiency during infancy have been well described in terms of calcium and skeletal metabolism; infants with prolonged vitamin D deficiency are at significant risk of developing rickets, a problem worsened in breastfed infants whose mothers were deficient during pregnancy and during lactation [147] . Without supplementation of that infant, the problem manifests as the classic signs and symptoms of rickets. For decades it was thought that the story ended there but as discussed earlier in this review, Mellanby and others more than a century ago had observed higher rates of respiratory infections in those children with vitamin D deficiency [48] . This is supported by more recent studies that showed a significant correlation between vitamin D deficiency and higher rates of RSV bronchiolitis and lower respiratory infections in the first year of life [10, 149, 150] and pneumonia in children under 5 years of age [150] ; cord blood differences in innate immune responses [17] and higher risk of tuberculosis [151] [152] [153] [154] in children with vitamin D deficiency and/or rickets. Additional studies are warranted to understand vitamin D's role during lactation and early infancy and to ascertain the optimal total circulating 25(OH)D concentration that is associated with improved health and growth.
Conclusion
There is widespread deficiency of vitamin D throughout the world in pregnant women due to changes in lifestyle, access to sunlight, use of sunscreen, and minimal vitamin D content in a variety of diets with few exceptions. Such Adapted with permission from [147] . deficiency using conservative parameter estimates is greatest in women of darker pigmentation and those with limited or without access to sunlight or vitamin D supplements.
Recent evidence suggests that unlike any other time during a woman's life, there is an uncoupling of the active hormone 1,25(OH) 2 D with calcium metabolism and a direct coupling with 25(OH) D such that optimal 1,25(OH) 2 D occurs when 25(OH)D concentration is at least 40 ng/ml (100 nmol/l). There is some evidence to suggest that vitamin D deficiency during pregnancy is linked with preeclampsia and other adverse health outcomes of pregnancy, but such associations warrant further study for confirmation and understanding the mechanism.
The implication of maternal deficiency during pregnancy is that the fetus is also affected, with known consequences on fetal growth, dentition, bone density and immune function and risk of infections such as RSV. As more data concerning vitamin D status during pregnancy are amassed, such sequelae will be better understood.
The impact of maternal deficiency extends beyond pregnancy into lactation as the mother continues to be the main source of vitamin D for the young infant. The traditional view that human milk is marginally sufficient and often deficient in vitamin D has prompted the American Academy of Pediatrics and the IOM to make recommendations regarding infant vitamin supplementation with 400 IU/day unless that infant consumes infant formula of 1 l or more per day. Such a view does not address why the milk is deficient and offers no alternatives to mothers who recognize the advantages of breast milk over formulas for optimal development. Studies that supplement the mother alone with higher doses of vitamin D are currently underway as a potential therapy that treats both the mother and infant through the mother.
Future research is needed to delineate the mechanisms of action of vitamin D on the health status of the mother and developing embryo and fetus beyond calcium and bone metabolism that extends into the realm of immune function and developmental origins of adult disease. Such research should include early infancy and the effect of vitamin D sufficiency during lactation.
Future perspective
We envision that over the next decade, the concept that vitamin D is actually a pre-prohormone and a potent mediator of the immune system will move from the perspective of heresy to one that is well-established. Such a paradigm shift will occur because of the mounting evidence that is being amassed to prove this point. What we know now is but a fraction of what we will learn in the decades to come. With improved understanding of vitamin D's mechanisms of action come effective interventions. When any precursor to a hormone is restored and health characteristics improve, the overall disease burden diminishes. As such, there are several groups who will directly benefit from this paradigm shift: women, most notably African-American and Hispanic women, and their developing fetuses, and lactating women and their recipient infants. This is what we expect will happen. Only the test of time may prove our hypothesis correct.
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Executive summary

Background
• Vitamin D has emerged from being a forgotten vitamin that was only associated with bone and calcium metabolism to become one of the most celebrated and controversial vitamins/micronutrients in both medical and lay literature today.
General vitamin D physiology & metabolism
• Without sunlight exposure we are dependent solely on dietary sources of vitamin D, which, except in rare cases, only account for up to 10% of the vitamin D in the body.
Defining vitamin D sufficiency
• With regard to pregnancy, however, based on a recent randomized controlled trial with pregnant women, it is clear that optimization of dihydroxyvitamin D (1,25[OH] 2 D) does not occur until total circulating 25-hydroxyvitamin D (25[OH]D) levels have reached 40 ng/ml (100 nmol/l).
Differences in vitamin D metabolism during pregnancy when compared with the nonpregnant state
• The conversion of vitamin D to 25(OH)D appears unchanged during pregnancy, following first-and zero-order enzyme kinetics; by contrast, the conversion of 25(OH)D to 1,25(OH) 2 D during pregnancy is unique and unparalleled during the lifespan. At no other time during the lifecycle is 25(OH)D so closely linked with 1,25(OH) 2 D. By 12 weeks of gestation, 1,25(OH) 2 D levels are more than twice that of a nonpregnant adult and continue to rise two-to threefold from the nonpregnant baseline rising to over 700 pmol/l, attaining levels that would be toxic owing to hypercalcemia in the nonpregnant individual, but are essential during pregnancy.
Does fetal & neonatal vitamin D status play a role in later immune function?
• Supplementation with the current standard amount of vitamin D in prenatal vitamins -400 IU vitamin D/day -during pregnancy has a minimal effect on circulating 25(OH)D concentrations in the mother and her infant at term. Infants of women who were deficient throughout pregnancy will maintain or reach a state of deficiency more quickly than an infant whose mother was replete during pregnancy.
Emerging understanding of the immunological effects of vitamin D
• The effects of vitamin D on the immune system are not limited to the innate immune system but also extend to the adaptive immune system.
Vitamin D status during pregnancy around the globe
• Degree of deficiency is greatest in women with darker pigmentation but a substantial number of women, irrespective of pigmentation, who have limited access to sunlight, either through limited activity outdoors, type of clothing, cultural practices or thorough use of sunscreen when outdoors, are vitamin D deficient.
Vitamin D during pregnancy: why is it important?
• There are many epidemiological studies that report associations between vitamin D deficiency and altered health.
• Conversely, higher circulating 25(OH)D levels have been linked with improved health.
• The significance of these findings have with regard to pregnancy is just beginning to be understood.
What are the effects of vitamin D deficiency during pregnancy?
• More recent epidemiologic and case-control studies show a correlation between vitamin D deficiency and adverse pregnancy outcomes -not limited to fetal growth, and include preeclampsia and bacterial vaginosis. In addition, adequate nutritional vitamin D status during pregnancy is important for fetal skeletal development, tooth enamel formation, and perhaps general fetal growth and development. There also is mounting evidence to suggest that vitamin D deficiency impacts on the immune function, not only of the mother, but also of the neonate and infant through the first year of life.
Sunlight versus supplementation: is there a right answer?
• While sunlight is superior to vitamin D supplementation in its efficacy and safety, there are issues with what constitutes 'judicious' sunlight exposure. In addition, lifestyle changes limit the amount of sunlight available to many individuals making vitamin D supplementation to mimic the sunlight production of vitamin D the only viable option.
Effectiveness of vitamin D supplementation during pregnancy
• 400 IU vitamin D/day is inadequate in achieving sufficiency for the majority of pregnant women. To attain optimal production of 1,25(OH) 2 D, a 25(OH)D level of 40 ng/ml (100 nmol/l) or higher is required. Suffice it to say, when a woman who has vitamin D deficiency gives birth, her neonate also will be deficient.
Results of two recent randomized trials during pregnancy
• Two vitamin D supplementation studies involving a diverse group of pregnant women less than 16 weeks of gestation showed that 4000 IU vitamin D 3 /day was superior to 400 or 2000 IU/day by the second trimester in achieving circulating 25(OH)D of at least 100 nmol/l (40 ng/ml), the point at which 1,25(OH) 2 D begins to be optimized.
•• This randomized controlled trial is the largest to date that assessed the safety and effectiveness of higher-dose vitamin D supplementation up to 4000 IU/day to attain physiologic levels of 25-hydroxyvitamin D that would occur if living in a sun-rich environment. The findings strongly suggest that 4000 IU/day is necessary to attain optimal dihydroxyvitamin D (1,25[OH] 2 D) production with no adverse events associated with supplementation at that dose. • First study to show that while vitamin D-binding protein (VDBP) increases during pregnancy along with 1,25(OH)2D, the increase in 1,25(OH)2D exceeds that of VDBP such that free 1,25(OH)2D levels are increased during pregnancy despite the increase in VDBP levels. • Provocative paper on the theory of vitamin D as an imprinting or epigenetic phenomenon during pregnancy and early infancy.
